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ABSTRACT

This report describes the work performed during the
second quarter of a study of a reflector antenra that provides zoom
(variable beamwidth) and scan capability vsing controiled aperture
amplitude and phase. The antenna consists of a primary reflector
(paraboloid) and a secondary reflector/lens. It operates as a lens in
conjunction with one feed for gcanning ir the receive mode and 28 a
reflector in conjunction with another feed for zooming in the transmit
mode. Switching between a zooming transmit mode and a scaaning
veceive mode regulis in a versatile radar antennz with an inherent
duplexing capability. The perfermance of this antenna system is be-
ing analyzed numerically with the aid of digital computers. This
report describes the development of a computer program for solving
the Fraunhofer aperture integral efficiently and with good accuracy.
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SECTION I
INTRODUCTION

For several years the Rome Air Development Center {RADC)
has sponsored o techniques that make use of some form of a reilector
antenna in conjunction with aperture phase and amplitude control to
provide zocming (variable teamwidth) and/or scanning.

One technigue, developed by Airborne Instruments Labora-
tory (AIL), uses a cluster of feeds placed on a spherical surface con-
centric with the focal point of a paraboloidal reflector. Each feed is
then independently controlled in phase and amplitude to provide zooming
and/or scanning (reference 1). The other technique, developed by
Blass Antenna Electronics, uses a flat reflector consisting of individual
waveguide elements whose phase can be controlled by diode switches
that change the position of the short circuit in the waveguide. Proper
programming of the switches allows the beam from the reflector to be

varied in width and/or scanned (reference 2). This system is commonly
called a reflectarray.

The purpose of this study is to consider ancther technique,
different from the two previously mentioned, that will use a reflector
and result in a variable beamwidth and a scanning capability. The
specific technique to be investigated attempts to use the advantages of
the two previously mentioned systems in a single system called (for
lack of a better name) a hybrid system. This hybrid system uses the
optically fed phased array approach of the Blass system together with

the beam magnification and phase correction advantages of the AIL sys-
tem (Figure 1).

The hybrid system consists of a primary reflector (paraho-
loid) a secondary reflector acting as both a phase-controlled reflector and
a phase-controlled lens (shape to be determined), and two feed systems.
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FIGURE 1. HYBRID ANTENNA SYSTEM

The focal-point feed system is used in the receive maode with the secon-
dary reflector acting as a lens; the vertex feed system is used in the
transmit mode with the secondary reflector acting as a reflector. Thus,
the transmit mode uses a reflectarray as the secondary reflector of a
two-reflector system and the receive mode uses a lens with a simple
reflecting system. The basic premise on which this system is based is
that the diode phase shifters, which comprise the phasing control of the
secondary phasor, can be made to operate in both the reflectarray and
lens modes. This is shown schematically in Figure 2

In the lens maode of operation (receive) the phasor is seen
as a three-bit balanced hybrid transmission device providing 45, 90,
and 180-degree increments in phase. The reflectarray mode (transmit)
is obtained by properly biasing the 180 degree bit--that is, one diode
is forward biased and the other is reverse biased. Under these condi-
tions, the 180-degree bit becomes a short circuit and reflects all the
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FIGURE 2. TRANSMISSION-REFLECTION PHASOR

energy back out of the input port. This provides a two-bit phasor having
phase increments of 90 and 180 degrees since the energy passes each

bit twice. In addition to providing mode switching, the 180-degree bit
also serves as a duplexer between the transmit and receive modes.

On the basis of this simplified description, an engineering
study is being performed to determine the design parameters for a
. system with the following general electrical characteristics:

TRANSMIT MODE

Frequency

3 Ge +5 percent

Hzalf-power beamwidth 1 x 1 degree

Zoom factor
Side-lobe level

8

-25 db without zoom
~20 db with maximum zoom
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RECEIVE MODE -
~Frequency 3 Ge 45 percent
Half-power beamwidth 1 x 1 degree
Scan angle +8 degrees

-25 db on boresite
-20 db at maximum 8can
angle

Side-lche 12vel

In adaition, the syster should zoom and scan by electronic
means and he feasible for implementation at UHAF.

The effort during the first half of this confract has been
directed toward the writing of a generalized computer program for com-
puting the far-field radiation patterns in three dimensions of the hybrid
system. This program wiil serve to define the necessary system
geometry needed to obtain the eleetrical characteristics stated and to
determine the number of bits needed in the secondary phasor to obtain
the zooming, scanning, and side-lche level.
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SECTION It
SYSTEM ANALYSIS

Analysis of the hybrid system can be separated into two
parts--determination of how energy propagates within the system, and
calculation of the far-field radiation patterns using the results of the
intrasystem analysis. This division is possible because the generzl
characteristics of the relationship between an aperture excitation and
the resulting far-field pattern are fairly well-known.

An experienced observer can relate the two functions suf-
ficiently well for all prelirzinary design and the more refined calcula-
tions can be used for a final detailed analysis. The alternative proce-
dure of determining the scanning and zooming patterns for each change
in system geometry would be extremely time consuming.

The first quarterly report of this program contained a dis-
cussion of the intrasystem analysis and the computer programs needed
to perform it. This report -.ill be concerned primarily with the prob-
lem of obtaining the far-fisld radiation characteristic corresponding te
an illumination function on a planar aperture--the output from the 7
intrasystem analysis.

The relationship between the pattern function and the illum-
ination function is given by the Fraunhofer integral

6(w,v) = [ | w65, y)esptunexp(ivy)asay
A

where

X,y = coordinates of planar aperture
F(x, y) = illumination function

u, v = space variables 2 sin @ sin §/\ and 2rsin 9 cos §/A
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g @, § = spherical coordinate angles,

o G{r, v) = far-ficld patiern function

- The obliquily factor hss not been included. When F(x, 5) is a separable
o function of {he coerdinates the patfern function becomes the product of
two integrals of the form.

b
j 1(x) exp {iux) dx
2

in this case, the problem is not very diificuit becsuse each single in-
tezral can be solved rapidly 2nd economicaily. When the illuminaticn
function is ast separabiz, the integration is difficult and {ime consum-~
ing.

One zpproach is to require fhat the antenna systems aper-
ture have a separable illumipztion function under all conditions. How-
ever, in complicated geomeirical configurations, such as the hybrid
system, the energy flow is quite complex and suci a consiraint weuld

N be anrealisiic, leading t0 an unizir evaluation of the system's capa-
bilities. .

Kost atterapts to obtain a general method of numerically
solviag the Fraunhofer integral have approximated the planar aperture
with a planar array. Solution of the array factor is then siraight-
forward and the precision of the results is dependent on the number
of array elements pogtulated. Evaluation of the total array factor is
quite costly. Periormance can be evaluated in several planes econ-
omically, but intermediate points can be conveniently solved only by
changing the array grid structure or by introducing another approxi-
mation with an nndetermined effect on precision of the results.
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A more sziisfastory and usefel solution is found in Filan's
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S methed {reference 3, 4) af quadrature of definjie integrals of the form L
. b 5 D
1&3 o T p ( . . b *:::’:
% EX ! #x) sin uvdx and j i{x) cos uxdx 1 il
SR 3 2 =
b A s
i The method invelves dividing the interval fa, b) into a mumber of equal ,
paris and evaluating sums of products of irigonometric functions ard >
= f(xg), where =, is one of the points defined in the interval (a,b). The ",
? methogd is suggestive of thaz of evaluating array factors bui the com-
% puter Hme peeded is markedly less. e
Successive agplication of Filsn's quadrature method leads
T fc an approximate solutisn of the Framnhofer infegral. A more com- G
gj plete discussion of this method of solving the double integral is included 2
Fg’i‘ ' in the Appendix. The precision of the resulfs from this method are 3¥
% : primarily determired by the cube cf the spacing between grid paints 32
Vy-f - in the aperinre and by the fourth derivative of the illumination function. s
:{; : Since the real and the imaginary part of the illumination furcdon must . i;f
g be evaluateq separately; this means that precision degrades approxi- ‘
. mately as the fcurth power cf the scan angle and as the third power oi ! ":
gﬁ the grid spacing. Best resilts are obfained when the aperture is sym- * 9
: . metrically dispused about the system origin (z =y = o). s
&: A computer program was prepared (Appendix) for evalaat- 24
‘Ly{ ing the double integrai by Filon's technique. The program provided | «
S excellent boresight patterns that checi-ed exactly with known results [
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for mniform, cosgine, and cosine-sguared aperiture llemination func-
Hons ard for eombinatiors of these functions, for example, consiant X
cosine-squared. The accuracy degraded rapidly with scan angle.

The resuiis of 2 study of the spacing reguired to sbizin
good precisicn for a diagonal (worst case) scan capability of 13 degrees
{§ = 45 degrees, 8 = 13 degrees) are shrwn in Figures 3, 4, and 5.
Thirteen degrees was consicdered adeguate for the program. An il-
lzminztion fonction of cosine X cosine-sguared on a sguare apertare
was used. The illustrations show the principal plane patierns for the
boresight cordition and for the diagonal scan cordition for spacing of
1, 1.5, ard 2 waselengths. For the lexst spacing, the patierns ave
almost identical, as they shorld be since the obligaity factor was not
considered. As ihe spacing increases, fhe scanned pallern deteri-
orztes until it loses almost ail usefulness at the maximum spacing
of iwo wavelengiths. Tke ccmputer printout for one wavelength spac-
ing is showa in Figure 6.

A pair of prircipal plane paiierns for boresight and for a
28-degree diagonzl scan with half ravelength grid spacing is shown
in Figure 7. The agreement is excelient. For scan angles above
30 degrees, pattern guality degrades rapidly for any spacing.

Considering the product of points in the aperture and the
far fieid to be Z, the present cost of these caiculations using the
IBM 1620 facility at AIL is about Z/4 cents. Improved programming
techniques and the use of a high-speed computer should cut this figure
by more than an orcer of magnitede, prebably by a factor of 5. So
the present cost of an excellent quality 13-degree scanned pattern for
a 60 x 60 wavelength array would be $9.00/far-field point with improve-
ment to less than $0.25/far-field point obtainable. The cost for bore-
sight conditions weuld be about 25 percent of the above.
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SECTION II )
CONCLUSIONS

Analytic techniques for investigating the performance of

the hybrid antenna systems have been studied and two computer pro-
grams have been prepared for calculating the essential relationships
between the antenna configuration, the antenna aperture illumination,
and the far-field radiation pattern. Both programs have been tested
against known results and have shown good agreement with them.
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ORI , PROGRAM FOR NEXT INTERVAL

;-:;-w; vide the required paitern characteristics.

The computer programs that have been developed will be
vefined and put in proper form for conjoined use.
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During the next quarter of this study, additional hybrid
antenna configurations will be analyzed in light of their ability fe pro-
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APPENDIX

SOLUTION OF THE FRAUNHOFER INTEGRAL
USING FILON'S METROD

The aperture integral

d b
Gly,v) = f f F(x, y)exp(iux)exp(ivy)dxdy
a

c

can be numerically solved by successive applications of Filon's quadra-
ture method of solving oscillatory integrais of the form

b b

f (%) cos uxdx and f f(x) sin uxdx
a &

where £(x) is continuous in the interval (2, b).

The approximate solutions of these integrals are given by

1 ; cos ux -sin ua sin ub
'!Ta[ (=) (si.n ux) dx = [f(a) (_cos ua) + £(b) (-cos u‘q” + BRgp+eRyr g

where

m cosux \
Rop = Z f[XZr) (sin ux::) '%—E“(a) (g?g tlxl: ) + £(b) (g‘i): x;ll?”

r=0
m

COoS ux
Ryr1= ), f(x2r-1)(sm ux:::ll)

r=1
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“The interval (s, b) has been divided into 2m segments, each of length h;
the gsegments are bougded‘bythe points xﬁ, S PRTRPR Xy with =3
aad Xom = b.

o 1 5in @ 2311129
0T 2 T g3

3= 1+ccszé_sin2§“
g2 ¢ }

'?g_é cos@ sinl
e¢ o

where 0 = uh. Expansions of these functions are used for small values
of 9.

For the doubie integration, the interval (z,b) is divided info
2n segments of length h and the interval (c, d) is divided into 2m segments
of length £ . The integral must be solved twice, orce for the real pari

of F(X,y) and once for the imaginary part. Referring to either part as
Q(x, yj we have the double integral

d b

f f Qlx, yjexp{iux)dx | exp(ivy)dy
C a

which leads to the single integral

3]
h ftzx[Q(a,y) {-sinuz + icos us) + b, y)(sin ub - i cos ub)] -
c

B8
-225 [Q(a, y) (cos ua + i sin ua) + Q(b,y) (cos ub + i sin ub)] +
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B | |
: ﬁxrg) Q(XZ:J) (cosuxzre-ismuxzr);,__

% i Q (‘XZi—l’ 37) {ces Sor1 ¥ isin uer-I) exp(ivy)dy
r=1 .

This expression muot be integrated term by term with sespect toy. An
example is given:

e

5 |

C

£

e

Q(le., Y) cos ux, . exp(ivy)dy =

il

a
By cos ux, i f Q-(xzr, y) exp(ivy)dy =

=

=0 ¢

n
18, coS uXy Z z ay[Q(x‘Zr’ c) (-sinve + i cos ve)

=0

Q

Xor d) sinvd - i cos vd):] -

4

Xy c) (cos ve + i sinve) + Q

m

By Z Q{x2r’y28) (cos Vigg + isin vyzs) +
s=0
m
, -
‘ Yy 21 Q%2 st-1) [“’3 Vg1 +1sin Vst-l)
S=
A-3

PTG W LA

Xy r,d)(ces vd + isinvd)}’-s—
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Applying the same {eclniques to the other terms, we can

- exoress the double infegral 25

d b
: f f &=, y)exp(iv-)explivy)dzdy =
c &

Lhalao-tlyy+hip+hipg+-—+h,+
i(& +I;+---+1p +Lig Ly +emmt 123)

where

d
Ii = -ha% sinua f Qa,y) cas vydy = -hz,ux sin ua(Vl)
c
d
Iy = -hax ginua f Qfa,y) sin vydy = e, sin ua(Vz}
c
d
Ig= h:xx sin ub j Q(b,y) cos vydy= hte, sin ub(V3)
d
d
I, =ha sinub j Q(b, y) sin vydy = hto sin lib(V4)
2 ,

Ir=

d
I = h, fﬂ €08 X, f Q(%g,.,¥) cos vydy =
c

A-4
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m -

, d :
Tg=h8; Y cosuxmy, f Qixy . ¥} 8in vydy =
c -

k1

htf, cos ux, r(Vﬁ)

hg, .  mg
I;=~--5" cosua Qfa,y) cos vydy =- 53— Co8 na(V.z)
c

d
hg
L= -—25'3 f Q) sin vydy = -—5= cos 12(Vg)
c
. :
hg_ e
Iy=- —gg-ces ubf Qfb,y) cos vydy = - %’5 cos ub(Vg)
c

hy
IIO = - jh‘g_x;'cos ub f Q{b, Y) gin VdeE - ‘_'gg' co8 ub(vlg)
c

m

Iy =hyy Z COS WXy ¢ jq Q(XZr-l’ y) cos vydy =

m
h‘\’;'fx r..zi cos uxzr_l(Vu)
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Ry, r; cos uX%y , +{Vyo)

Ij4 = e, cos ual?,)

Iyg = -Ble cos ub(v,)

' m
Il? =ht 8% 1Z=G sin 1:x2r(V5)

m
L,=his sin uxy_(V,)
19 =he8, IZ;G uxy (Vg

ht’ex .
119 = - T sin ua(V7)

h&‘?x
Ly =-—5sin ua(Vg)

hi:‘?x
Ipg = - —g~ sin ub(Vy)

h/L‘!x
122 = - 2 sin Ub(vlo)

A-6

: - d
Tip =h J, ceosux,, f Qlxpz_g57) sin vydy
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~or=l s
For each far field point these 24 terms must be evaluated and properly
summed for the real part and for the imaginary part of the illumination
function. These resulis are combined to give the field iaténsity at the :
A printout of the computer program used to perform these N
operations is shown in Figure 8. A flow diagram of the program is K
shown in Figure 9. Improvements in the programming wiil have to be
‘implemented before the program will operate near maximum efficiency. :
When this is done the integration program can be used in conjunction ; 3
with the program for analyzing the energy flow within the system in -
order to obtain the fotal performance characteristic of any hybrid sys- * ;
tem.
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FILON: INTEGRATION Id TWD DIMEN3IONS 0010
N AKD R MUST BE D

DIMTHSION X(IZ,RZ),Y(lZiIZ)90(12:12)’5“(303f581130]'CQI3@!9C31(30)
25VRI301EYELBL 30+ LOYI30)

READ 106058 4HoU0s UL 4D, VN2 VL s DV 8930
RFAD 1001,YSCANLVSCAN o ]
- READ 100Z»A02CsD - 0050
1000 FORMAT {212,6FRe31} - 2010
1001 FORMAT(2F8.3) ) - 2011
1002 FORMAT(4AF7.3} ) 2612
ER=M~] : - -
EN=H=1 ’
= (B-2) /74 00890
EL=ID-C} /FN - 0Q%e
¥25=A
DO 52 XK=1sN

COY(K)=COSFi315159%Y2S/ (B-A))
52 Y25=Y2S5+FL
¥2S=A
HO 31 K=1R
X28=C
NG 20 J=1,n
CY= 3415159%COSF(USCANXEX2S+VS5CANSY2S)
2¥=~3414159%SINF (USCANRX2S+VSCAN®YZS?
X1JsK)=COY LI XCOY(KIRCOY{KI#CY
YEJeXI=2COY{ D) COYIKI2COY(KIRSY
29 X253X2S+H
31 v25=Y2S+FL
Ni=N+1}
Miz=M+]
DO 301 K=1eN1
X{M1,X)=0e0
301 Y(M1+K)=0.0
DO 302 J=1.M1
X{JsN11=0,0
302 YiJeN1 =00
12 Y=t 0100
HFa(VL=-V()/DV+1e 0330
v=Vv0 .
0013 K=leNF
VKiKi=V
13 VeV+DV
PRINT 10104(VKLK)oK=14NF)
1919 FORMAT {9X92HV2+13F8,3)

FIGURE 8. PRINTOUT OF FILON 2 PROGRAM LISTING
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